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METHOD FOR DETERMINING STATE-OF- characteristic parameters of the electrochemical device, 

HEALTH USING AN INTELLIGENT SYSTEM characteristic parameters of the load and the SOH of the 

eiectrodiemical device. 

CROSS REFERENCE TO RELATED The intelligent system comprises any system that adap-*^ 

APPLICATIONS 5 tively estimates or learns continuous functions from data ^ 

This application claims the benefit of U.S. provisional without specifying how o^^^^^ 

patent application Sen No. 60/040,476 filed Mar. 12, 1997 ^^^P^^* f '^''^^f^' ^^f ^^^^^'^ "^/w ""T 

J XT o - • 1 * « 1- e M /:n/ncn i *;c svstem, a fuzzy systcm and other such model-free funcuon 

and U.S. provisional patent applicaUon Ser. No. 60/051,165 \, * . ft w • n j «*, » • *i 

fil H J 27 1 997 cstmiators that leara. Learmng, so-called, "tunes an mtel- 

^ ' ■ 10 ligent system. This learning process (also referred to as a 

•Ibis invention was made with Government support under training process) can be implemented in many ways. Jhe 

contract USZA22-97-P-0010 awarded by the U.S. Depart- inteni gent system can be implemented usin^: an algor ithm 

menl of Defense. The Goverament has certain rights in the suSh^rato m descent and clusterinfi used to tune he uFal 

mvention. netW ofRs"and ad ap.ti^e fiizzv systems^^earcho ptimiza tion 

BACKGROUND OF THE INVENTION tcci^^;^:^olc:^d--hy-s^ncti^^bms; or an 

expert s guesses or trials a nd errors such as those use d m 

The present invention relates to determining the state-of- fuzzy e ^ert'sys{em s_and-fiizzy-systems. 

health (SOH) of an electrochemical device. More The above -discussed and other features and advantages of 

particularly, the present invention relates to determining the the present invention will be appreciated and understood by 

SOH of an electrochemical device using an intelligent ^ those skilled in the art from the following detailed descrip- 

system, e.g. a fuzzy logic system. don and drawings. 

' The SOH of a battery has been interpreted in different BRIEF DESCRIPTION OF THE DRAWINGS 
ways by scientists/engineers in the field. In the case of valve 

regulated lead acid (VRLA) batteries used by utility Referring now to the drawings wherein like elements are 

companies, for providing emergency backup power, SOH is ^ numbered alike in the several FIGURES: 

interpreted to mean that a battery is close to the end of its FIG. 1 is a block diagram of a method for determining 

cycle life and needs replacement. Several papers including state of health of an electrochemical device in accordance 

Feder and Hlavac 1994 INTELEC Conf. Proc. pp. 282-291 with the present invention; 

(1994) and Hawkins and Hand 1996 INTELEC Conf. Proc. FIG. 2 is a block diagram of an additive fuzzy system for 

pp. 640-645 (1996) demonstrate that the increase in imped- use in the intelligent system of the present invention; 

ance of aging VRLA batteries can be used to indicate the pjQ^ 3 is a block diagram of a method for determining 

SOH of the battery. state of health of an electrochemical device in accordance 

Another interpretation of battery SOH is the capabiUty of with an embodiment of the present invention; 

a battery to meet its load demand. This is also referred to as 35 piG. 4A is a schematic diagram of a circuit for measuring 

"battery condition" by others in the field. To obtain the SOH battery impedance; 

of a battery in the terms defined, botii the available charge pjQ 43 ^ block diagram of an equivalent circuit model 

capacity of the battery and the maximum power available characteristic parameter extraction device of HG. 3; 

from the battery are required. Several approaches have been ^ ^ impedance versus 

used to determme the condition of a battery. In U.S. Pat. No. battery cycle number* 

5,365,453 is described a method in which a ratio of a change ^^~f /. , ^ ^ r 

in battery voltage to a change in load is used to predict JJ^^' ^ ^ I "^^^^"^"^ ' 

impending battery failure in battery powered electronic versus Cycle #, 

devices. Similar methods in which the battery response to FIG- 6 is a block diagram of an intelUgent system for use 

and recovery from the application of a load is used to determining state of health of the present invention; 

determine the SOH of batteries are reported in U.S. Pat. Nos. FIG. 7A is a block diagram of a first intelligent system of 

4,080,560 and 5,159,272. While these load profiling the present invention; 

approaches work reasonably well for batteries integrated FIG. 7B is a block diagram of a second intelligent system 

into a system, they are not necessarily accurate or reliable of the present invention; 

ways of determining the SOH of batteries outside a system, FIG. 8Ais a block diagram of a first additive fuzzy system 

for use in the first intelligent system of FIG. 7A; 

SUMMARY OF THE INVENTION gg ^ ^ ^lock diagram of a second additive frizzy 

The above-discussed and other drawbacks and deficien- system for use in the second intelligent system of FIG. 7B; 

cies of the prior art are overcome or alleviated by Uiemetiiod FIG. 8C is a block diagram of the second intelhgent 

for determining state of health (SOH) of an electrochemical 55 system in accordance with alternate embodiment of the 

device using an intelligent system, e.g., a frizzy logic system, present invention; 

of the present invention. In accordance with the present FIG. 9A is a circuit block diagram for determining battery 

invention, the state of health of an electrochemical device is impedance in accordance with the present invention; 

determined by an internal characteristic parameters (or FIG. 9B is a circuit blodc diagram for determining state 

external operating and environmental conditions) of the 60 of charge in accordance with tiie present invention; and 

electrochemical device and characteristic parameters of a piQ. 10 is a blodt diagram of a method for determining 

load and the SOH of the electrochemical device with an state of charge of an electrochemical device in accordance 

intelUgent system. The electrochemical device comprises vvith another embodiment of the present invention; 

such devices as primary ("throwawa/') batteries, recharge- nrrcr^Dnyrrnisj nc xuc nvn/cKmnNr 

able batteries, fiiel cells, a hybrid battery containing a friel 65 DESCRIPTION OF THE INVENTION 

cell electrode and electrochemical supercapacitors. The Referring to FIG. 1, a system for determining State-of- 

intelligent system is trained in the relationship between Health (SOH) in accordance with the present invention is 
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generally shown at 10. System 10 comprises an electro- 
chemical device 12 for which SOH is to be determined, a 
parameter extraction device 14 and an intelligent system 16. 
Electrochemical device 12 comprises such devices as pri- 
mary ("throwaway") batteries, rechargeable batteries, fuel 
cells, a hybrid battery containing a fuel cell electrode and 
electrochemical supercapacitors. Intelligent system 16 is 
trained in the relationship between characteristic parameters 
of electrochemical device 12 (parameter extraction device 
14a) and characteristic parameters of a load 17 (parameter 
extraction device 146), and the SOH of electrochemical 
device 12. These characteristic parameters are obtained by 
device 14 and provided to intelligent system 16 as inputs, 
with the SOH being the output of intelligent system 16. 

The stale of health of an electrochemical device 12 is 
defined as the device's ability to perform a specified task. 
Although an electrochemical device 12 may be at a high 
State -of-Charge (SOC), its health may be poor due to loss of 
electrolyte or otherwise. Although a fully disdiarged battery 
may be at a low SOC, due to depletion of the charged species 
of the electrodes or otherwise, it may well be in a fiill SOH, 
which would be realized subsequent to recharging the elec- 
trochemical device. Phenomenons such as loss of electrolyte 
and depletion of charged species affect the electrochemical 
device's power delivery capability and its capacity. 
Therefore, the electrochemical device's State-of-Heallh is a 
function of its ability to deliver the power required by a load 
and its capacity to meet the load requirements. 

Intelligent system 16 comprises any system that adap- 
tively estimates or learns continuous functions from data 
without specifying how outputs depend on inputs, such as 
described in Neural Networks and Fuzzy System, by Bart 
Kosko, Prentice-Hall, 1992, which is incorporated herein by 
reference. By way of example, intelligent system 16 
includes, but is not limited to, an artificial neural system, a 
fuzzy system and other such model-free function estimators 
that learn. Learning, so-called, tunes" an intelligent system. 
The learning process (also referred to as a training process) 
can be implemented in many ways. Intelligent system 16 can 
be implemented using an algorithm such as gradient decent 
and clustering used to tune neural networks and adaptive 
fuzzy systems, such as described in Neural Networks and 
Fuzzy System, by Bart Kosko, Prentice-Hall, 1992. Intelli- 
gent system 16 can also be implemented using search 
optimization tediniques such as those xised by genetic 
algorithms, see Genetic Algorithm and Fuzzy Logic System, 
Soft Computing Perspective (Advances in Fuzzy Systems — 
Applications and Theory, Vol. 7), by Elie Sanchez et al, 
World Scientific Pub. Co., 1997, which is incorporated 
herein by reference. Alternatively, intelligent system 16 can 
be implemented by an expert's guesses or trials and eaors 
such as those used in fiizzy expert systems and fuzzy 
systems, sec Timothy J. Ross, McGraw Hill, 1995, which is 
incorporated herein by reference. It wiU be appreciated that 
combinations of the above may also be employed, such as a 
fuzzy system/adaptive fuzzy system that uses gradient 
decent and/or clustering to develop an initial fuzzy system, 
then uses an expert's knowledge to fine tune the system, see 
Neural Networks and Fuzzy System, by Bart Kosko, 
Prentice-Hail, 1992, which is incorporated herein by refer- 
ence. 

Referring to FIG. 2, intelligent system 16 in a preferred 
embodiment comprises an additive fuzzy system 18 with 
centroid defuzzification 20. Additive fiizzy system 18, F, 
stores m fuzzy rules of the form, "If X is A^- then Y is By", 
and computes the output F(x) as the centroid of the summed 
and partially fired then-part fuzzy sets By, see Fuzzy 
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Engineering, by Bart Kosko, Prentice-Hall, 1997. Math- 
ematically additive fiizzy system 18 is expressed by Equa- 
tion 1 as: 

S " EQUATION 1 

^w=^ 

Z y^iaj{x)Vj 

/=! 

30 « EQUATION 2 

1=1 

" » EQUATION 3 



where: 

w^- is a weight of rule j, 

ay* represents if -part set function (membership function of 
20 input i of rule j on input i), 

ay represents joint if-parl set function (result of "ay^ 'and' 
ay . . . ^and^ ^f) that states the degree to which the input 
X belongs to the if-part fuzzy set ay. 
By represents then-part set function (membership function 
25 j on the output), 

Vy is the finite positive volume (or area) of the then-part 
set By, 

Cy is the centroid of the then-part set By, 

By" — scaled then-part set (scaled output membership func- 
30 tion j, result of aj^x)By), and 

B — output set prior to defuzzification. 

In linguistic terms, additive fuzzy system 18 can be 
described in terms of a set of if-then rules: 
RULE 1: If Xi is a^ and is a^j . . . and X„ is a"i, then 
35 F(X) is Bl, 

RULE 2: If Xj is a^ and X^ is a\ . . . and X„ is a"^, then 

F(X) is Ba, 

RULE m: If X^ is a*„ and X^ is a^„ . . , and X„ is a"„, then 
F(X) is B„, 

40 where m is the number of rules and n is the number of inputs. 
The linguistic description and the mathematical descrip- 
tion of additive fuzzy system 18 are equivalent. They are 
merely different views of the same fuzzy system. Both 
approaches map a given input X to a given output F(X) by 

45 a process known as fuzzy inference. The following example 
demonstrates the fuzzy inference process. First, fuzzify the 
inputs by taking the inputs and determine the degree to 
which they belong to each of the appropriate input fiizzy sets 
via membership functions. Mathematically expressed as: 

50 "ai^XJ, ^iHX^, . . . ,a,'"(XJ". LinguisticaUy expressed 
as: "If Xioa,\ If X2=a,^ . . . , If X„=ai'^'. Second, apply 
a fuzzy operator by combining if-part sets of a given rule to 
obtain one number that represents the result of the anteced- 
ent for that rule. Mathematically expressed as EQUATION 

55 2 hereinabove. Linguistically expressed as: "a^^ 'and' aj^ 
'and' ai""' where 'and' is the T-norm product. Third, apply 
an implication method by shaping the consequent (or output 
fuzzy set) based on the resxdt of the antecedent for that rule. 
Mathematically expressed as: "B\=ai(X)Bi'*. Linguistically 

60 expressed as: "If aj(X), then B^". Fourth, aggregate all 
outputs by combining the consequent of each rule to form 
one output fuzzy set. Mathematically expressed as EQUA- 
TION 3 hereinabove. Fifth, defuzzify by mapping the output 
fuzzy set to a crisp number. Mathematically expressed as 

65 "F(x)-centroid(B)-EQUAnON 1". In general see Fuzzy 
Logic Toolbox, for use with MATLAB, The Mathworks, Inc. 
by Jang and Gulley. 
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By way of example, a supervised gradient descent, can In accordance with the present invention, an effective 

learn or tune additive fuzzy system 18 given by EQUATION series capacitance value can be determined by a simple 

1 by changing the rule weights Wy, the then-part vol\imes V^, analysis of the battery impedance measured at two frequen- 

the then-part cenlroids c^, or the if-part set functions a . cics. The effective series capacitance is obtained by mca- 

Refcrring to FIG. 3, system lO* determines the SOH of 5 suring the impedance of the battery at 0.4 Hz and measuring 
battery 12 by relating the reUtionship between internal impedance at 1000 Hz. The effective series capacitance 

electrical characteristics of an electrochemical device 12 and ^ given by the expression C^^f^ l/(7j(t^^- 1.12 Z(f jooq ^J). 

the characteristics of a load 17, and the SOH of an electro- ^pj^^ function is shown in FIG. 5, wherein a simUar 

chemical device 12. In the preferred embodiment the mter- functional relationship to the battery cycle number and 

nal elcctncal characteristic measuring device comprises an ^ ^^^^^ ^ ^ ^ ^ ^ ^ 

unpedance measuring device. System 10 .comprises battery ^ ^ 

12 for which the SOH is to be determmed, load 17, an . , ^ ^ j * n\i u j mna u 

impedance measuring device 20, a load characteristic mea- 12 "npedance meas^ements made at 0.4 Hz and 1000 Hz 

suring device 21, and preprocessor and intelligent system . R^f^™g ^o FIG 6, mtelhgent system 16 comprises a first 

16. In the preferred embodiment the preprocessor comprises mteUigent system 16^ which is trained m the relaUonship 

a equivalent circuit parameter extraction device 23 and a 35 between the mternal electncal charactensUcs and the SOC 
battery cycle device 22. battery, whereby the intelligent system 16 learns the 

Referring to FIG. 4A, a circuit 24 for measuring battery underiining function / that relates and Cycle #(f^ 
impedance is shown. Circuit 24 comprises battery 12 whose (Kfun)) to SOC. First intelUgent system 16fl receives the 
impedance is to be measured, an a.c. voltage generator 26 of equivalent circuit model characteristic parameters of the 
variable frequency, and a d.c. variable voltage generator 28. 20 electrochemical device as inputs and provides the SOC of 
Battery 12 and generators 26 and 28 are connected in series the electrochemical device as output. A method for deter- 
in any order but in such a way that battery 12 and the d.c. mining the characteristic parameters of the electrochemical 
generator 28 have in common poles of the same sign, in this device, such as SOC and Cycle #, is described in a U.S. 
example the positive poles. The no-load voltage of battery patent application Ser. No. 09/041,562 entitled A Method 
12 is designated as Eq, the effective voltage of a.c. generator is For Determining State-Of-Charge Using An Intelligent Sys- 
26 is designated as V and the voltage of d.c. generator 28 is tem filed concurrently herewith which is incorporated herein 
designated as E. Voltage E is chosen so as to be equal to Eq by reference. 

to prevent battery 12 issuing a direct current. In this way, the Intelligent system 16 further comprises a second inteUi- 

current flowing in the loop made up of battery 12 and gent system 16b which is trained in the relationship between 

generators 26 and 28 has do direct component and its 30 the characteristic parameters of an electrochemical device, 

alternating component designated I is determined by the includingSOCandcycle#, and the characteristic parameters 

voltage V. Variables V and I are complex numbers and their of the load, including power and energy requirements, and 

ratio V/I=Z=Z'+jZ" defines the internal complex impedance the SOH. Second intelligent system 16b receives the SOC 

of battery 12. This impedance has a real or resistive part Z' produced by first intelligent system 16a and the cycle # 

and an imaginary or reactive part Z". The magnitude of this 35 extracted from the equivalent circuit model parameters of 

impedance, |Z|, is given by |Z|=(Z'^+Z"^)^^. The battery the electrochemical device and the characteristic load 

impedance is a function of the frequency f of the a.c. voltage, requirements as inputs and outputs the SOH of the electro- 

In some cases, the battery impedance at a particular fre- chemical device. 

quency also changes with the battery's cycle number. A Referring to FIG. 7A, first intelligent system 16fl is 

charged battery that is discharged and then recharged to its 40 trained in the relationship between the equivalent circuit 

original state is said to have gone through a complete battery model internal electrical characteristic parameters and the 

cycle. A battery's cycle number is the cumulative number of SOC of the battery. First intelligent system 16fl learns the 

cycles that the battery has gone through. underlying function f j that relates C^^ and Cycle #(f^ 

Referring now to FIG. 4B, equivalent circuit model (^ohm)) ^ SOC. 
parameter extraction device 14 is shown for extracting 45 Referring to FIG. 8A, first intelligent system 16a com- 

electricalparameters from the impedance data (Le.,Z(f4^), prises an additive fuzzy system 18 which learns the rela- 

Z(fiooojjz)). It has been determined that in the case of nickel tionship between input variables, C^^^ and Cycle #, and 

metal hydride batteries, the battery impedance measured at output variables, battery SOC, by use of an expert knowl- 

a frequency of 1000 Hz correlates well with the battery cycle edge and trials and errors. It will be appreciated that any 

number above about 100 cycles, see Doctoral Dissertation of 50 learning method previously discussed can be used to tune 

John Weckesser, entitled An Evaluation of the Electrochemi- the fuzzy system. Also that any intelligent system previously 

cal Properties of Metal Hydride Alloys For Rechargeable mentioned can be employed in place of the additive fuzzy 

Battery Applications, Rutger University (1993), which is system. 

incorporated herein by reference. Referring to FIG. 7B, the second intelligent system 16b is 

Referring to FIG. 4C, variation of the logarithm of the 55 trained in the relationship between the SOC and Cycle # of 

impedance (log Z) with battery cycle number for a nickel the battery, E^ energy required by load, and P, power 

metal hydride battery is shown. This data allows determi- required by load, and the SOH. Second intelligent system 

nation of the battery cycle number (almost independently of 16b leams the underlying function that relates SOC and 

battery state of charge) above about 100 cycles. Further, Cycle ^(/^(RoAm)) of ^ battery, Ej and Pj of the load, to the 

series capacitance of nickel metal hydride batteries varies 60 battery's SOH. 

with both cycle number and battery state of charge. Also, the Referring to FIG. 8B, second intelligent system, 16b 

values of the series capacitance of the nickel metal hydride comprises a second additive fuzzy system 19 which learns 

batteries can be determined by measuring the internal the relationship between input variables, SOC, Cycle #, 

impedance of the batteries at many frequencies and using a provided by first intelligent system 16a, Ej energy required 

circuit model with different circuit elements to fit the com- 65 by load and P^ power required by load provided by a user, 

plete impedance spectrum, again see Doctoral Dissertation and output variables, battery SOH, by use of an expert's 

of John Weckesser, Rutger University (1993). knowledge and trials and errors. It will be appreciated that 
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any learning method previously discussed can be used to To determine battery SOC once the impedance is known, 

tune the fuzzy system. Also that any intelligent system a circuit 34 (FIG. 9B) may be used. The impedance vahies 

previously mentioned can be employed in place of the at the two frequencies from circuit 30 are fed into a 

additive fuzzy system. microcontroller 34 (e.g.. Motorola MC68HC11/12) either as 

Referring lo FIG. 8C, alternatively in second inleUigenl S analog or digital signals, analog signals would be fed into 

system 16a, the characteristic parameters of the load are the A/D converters on microcontroller 34 where they would 

learned online by a neural network 21. Neural network 21 be converted to digital signals. The impedance at 1000 Hz,, 

takes as inputs, characteristics of the load discharging profile Zj, is stored in a first one memory location and the impcd- 

including, the voltage across the load and the discharge ance at 0.4 Hz., Zj, is stored at a second memory location, 

current 1^ through the load as a function of time, and outputs 10 The impedance is then multipUed by a factor of, e.g., 1.12 

estimates of the power Pj and energy Ej requirements of the in microcontroller 34 and the result stored in a third memory 

load. Neural network Zj forecasts the power and Ej location. The difference between Zj and l.llxZ^ is then 

requirements of the load based on the load Vj and the calculated in microcontroller 34 and the difference stored in 

discharge current Ij at a plural of times. a fourth memory location. The inverse of this quantity 

It will be appreciated that the SOH of battery 12 is really 15 located in the fourth memory location is then calculated and 

a function of the complex impedance and load requirements, the result stored in a fifth memory location. The cycle 

and that the parameters, SOC and Cycle # are useful but are number is stored at a sixth location and the and the imped- 

not in and of themselves required in a fuzzy system model. ance stored in the fifth memory location serve as the input 

The direct relationship between the complex impedance and variables for the fuzzy system to determine battery 12 state 

SOC is as follows: 20 of charge, as described above. The output of this first fuzzy 

system and the SOC, is stored in a seventh memory location. 

SOH'tjiSOC, Cycle #, E\, PI) EQUAHON 4, jhe load requirement, provided by either the user or a neural 

„„„ , network trained to predict the load requirements based upon 

50C=/(C,- Cycle #) EQUAHON 5, * j- u • u * ■ *• * j- ■ u.u 

•'^ ' the past discharging characteristics are stored m an eighth 

CycUMrJ^.L>-fn:iJ(z(fiooo)))-SJZ(fiooa)) EQUAHON 6, ^ memory location Ej and is stored in a ninth memory 

location. The cycle number stored in the sixth memory 

therefore, location, the SOC stored in the seventh memory location, E^ 

stored in the eighth memory location, and ninth memory 

soH'f{Z(f^^(fiooo)> ^1 > ^i) EQUAnoN 7. location serve as input variables for the second fiizzy system 

30 to determine the battery *s SOH.' The battery state of health 

InteUigent system 16 may be trained direcdy in the is then output to a display driver 3 6 and interfaced to a liquid 

relationship between the impedance, Z4 and Zjooo iiz> the crystal display 38. 

power/energy requirements of the load and SOH. It wiU be Referring to FIG. 10, an alternative system for determin- 

appreciated that the present embodiment is not dependent -^^g gQj^ ^^^^^^^ ^2 by relating the external operating 

upon the impedance at the particular frequencies, 0.4 Hz and 35 conditions such as, e.g., discharge rate, cycle number, cal- 

1000 Hz, such being merely exemplary. ^^^^j. ^^d recovery time to a specified open circuit 

Referring to FIG. 9A, a circuit 30 for measunng imped- voltage (OCV) after a deep discharge and environmental 

ance of battery 12 at two frequencies is generally shown. conditions such as, e.g., temperature, battery orientation. 

Circuit 30 comprises battery 12 whose impedance is to be magneUc field and g-force, and which infer the discharge 

measured and an a.c. signal generator 32. Asmall amplitude, 40 efficiency to ils SOH is generally shown at 40, System 40 

perturbing sinusoidal signal, x(t)=Xo sin(a)t), is applied to comprises battery system 12 for which SOH is to be 

battery 12. The response of battery 12 to this perturbing determined, an operating characteristic processing unit 42, 

signal is S(t)=Xo K(co>in(a)[t+(t>(a))]) and is correlated with environmental characteristic processing unit 44, intelli- 

two reference signals, one in phase with x(t) and the other ^^^^ system 16 and a processing unit 46 for determining 

90** out of phase with x(t), i.e., sin(a)t) and cos(tco), in order 45 sOH. 

to calculate: Ijj embodiment, intelUgent system 16 comprises 

intelligent system 16fl which is trained in the relationship 

SiD^rdr EQUATION 8 between the external operating conditions, including dis- 
charge rate, battery voltage, both as a function of time and 

EQUATION 9 environmental conditions, such as temperature, of an elec- 

S{t)couotdt trochemical device and the SOC of the electrochemical 

device. First intelligent system 16fl receives the external 
operating conditions and environmental conditions as inputs 

This allows the efimination of higher order harmonics than and provides SOC (and the Cycle # for a rechargeable 

the fundamental and with an appropriate selection of a 55 battery) of the electrochemical device as output. Intelligent 

frequency window and multiple measurements, noise rejec- system 16 further comprises a second intelligent system l€b 

tion can be very high. In the limit as which is trained in the relationship between the external 

r-Ko, f{-*K((ii)cos $((d), 2h*JC((i))sin 4<(i)), Operating conditions and envirorunental conditions, and the 

characteristic load requirement. Second intelligent system 

where K(a)) represents the amplitude of the impedance at 60 l6b receives the external operating conditions, including 

firequency a)/2jt and 4i(co) represents the phase of the imped- discharge rate, battery voltage, both as a function of time and 

ance at fi-equency co/Zrc. Circuit 30 allows the determination environmental conditions, such as temperature, of the elec- 

of the impedance at different frequencies and may be set up trochemical device as inputs, and outputs the characteristic 

to measure the impedance at the two frequencies of interest, load requirements, including the power and energy require - 

such an instrument which can be used to perform the 65 ments. Intelligent system 16 also comprises a third intelli- 

impedance measurements is commercially available as the gent system 16c which lakes the output of first intelligent 

Solartron 1260 Impedance/Gain-Phase Analyzer. system 16fl^ SOC, and the output of second intelligent 
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system 16b, characteristic load requiiemeats, as inputs and 
determines the battery SOH as an output. 

It is within the scope of the present invenlioa that power 
management specifications may be determined for a Smart 
Battery System (SBS). Intelligent system 16 is trained in the 
relationship between the battery characteristic parameter 
including the operating conditions of a battery and the 
equivalent circuit parameters of a battery, and characteristic 
load parameters including the load power and the load 
energy requirement, and the detailed SOH of the battery. The 
detailed SOH of a battery comprises the power management 
specifications according to the SBS standards. This includes 
the battery SOC, remaining capacity, time remaining at 
present discharge rate, predicted time remaining at a host 
specified rate, etc. (see, "Smart Battery System Overview*' 
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7. The method of determining said state of health of claim 
6 wherein said at least one external characteristic comprises 
an external operating condition and an environmental con- 
dition. 

8. The method of determining said stale of health of claim 
1 wherein said at least one characteristic of said electro- 
chemical device comprises at least one internal electrical 
characteristic. 

9. The method of determining said state of health of claim 
8 wherein said at least one internal electrical characteristic 
of said electrochemical device comprises at least one inter- 
nal impedance of said electrochemical device. 

10. The method of determining said state of health of 
claim 9 wherein said at least one internal impedance com- 



by Francis Truntzer, Intel Corporation, Proceedings of ^5 prises a^first^interoalirnpedm^ 
Developer's Conference and Interoperability Workshop, ^ ~' ^ 

Hawaii (February 1998), which is incorporated herein by 
reference). 

It is also within the scope of the present invention that 
SOH as related to a battery's end of cycle life can easily be 
determined when characteristic parameters of a load are 
inputted into the intelligent system and the SOH of the 
battery is outputted. 

WhOe preferred embodimeats have been shown and 
described, various modifications and substitutions may be 
made thereto without departing from the spirit and scope of 
the invention. Accordingly, it is to be understood that the 
present invention has been described by way of illustrations 
and not limitation. 

What is claimed is: 

1. A method of determining a state of health of an 
elearochemical device connected to a load, comprising: 

detecting at least one characteristic of said electrochemi- 
cal device; 

detecting at least one characteristic of said load; and 

determining said state of health of said electrochemical 
device from a fuzzy system trained in a relationship 
between said at least one characteristic of said electro- 
chemical device and said at least one characteristic of 
said load and said state of health. 

2. The method of determining said state of health of claim 
1 wherein said fiizzy system comprises an additive fuzzy 
system. 

3. The method of determining state of health of claim 1 
wherein said electrochemical device comprises primary 
battery, a rechargeable battery, a fuel cell, a hybrid battery 45 
containing a fuel cell electrode or an electrochemical super- 
capacitor. 

4. The method for determining said state of health of 
claim 1 wherein: 

said characteristic of said electrochemical device com- 
prises a state of charge or a cycle number of said 
electrochemical device; and 

said characteristic of said load comprises power or energy 
requirements of said load. 

5. The method for determining said state of health of 
claim 1 wherein said relationship comprises: 
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where ZTf,) is an internal impedance of said electrochemi- 
cal device at a first frequency is an internal 
impedance of said electrochemical device at a second 
frequency, E is the energy requirements of said load, 
and P is the power requirements of said load. 
6. The method of determining said state of health of claim 
1 wherein said at least one characteristic of said electro- 
chemical device comprises at least one external character- 
istic. 
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11. The method of determining said state of health of 
claim 10 wherein said at least one internal impedance further 
comprises a second internal impedance at a second fre- 
quency. 

12. A system for determining a state of health of an 
electrochemical device coimected to a load, comprising: 

a first sensor detecting at least one characteristic of said 

electrochemical device and 
providing a first sensed signal indicative thereof; 
a second sensor detecting at least one characteristic of 
said load and providing a second sensed signal indica- 
tive thereof; and 
a signal processor responsive to said first and second 
sensed signals for determining said stale of health of 
said electrochemical device and providing a state of 
health signal, said signal processor including a fuzzy 
system trained in a relationship between said at least 
one characteristic of said electrochemical device and 
said at least one characteristic of said load and said state 
of health. 

13. The system of determining said state of health of claim 
12 wherein said fuzzy system comprises an additive fuzzy 
system. 

14. The system of determining state of health of claim 12 
wherein said electrochemical device comprises a primary 
battery, a rechargeable battery, a fuel cell, a hybrid battery 
containing a fuel cell electrode or an electrochemical super- 
capacitor. 

15. The system for determining said state of health of 
claim 12 wherein: 

said characteristic of said electrochemical device com- 
prised a state of charge or a cycle number of said 
electrochemical device; and 
said characteristic of said load comprises power or energy 
requirements of said load. 

16. The system of for determining said state of health of 
claim 12 wherein said relationship comprises: 

where Z(f j) is an internal impedance of said electrochemi- 
cal device at a first frequency Z(f2) is an internal 
impedance of said electrochemical device at a second 
frequency, E is the energy requirements of said load, 
and P is the power requirements of said load. 

17. The system of determining state of health of claim 16 
wherein said at least one external characteristic comprises an 
external operating condition and an environmental condi- 
tion. 

18. The system for determining stale of health of claim 12 
further comprising: 
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a display responsive to said state of health signal for 
displaying said state of health. 

19. The system for determining said state of health of 
claim 12 wherein said at least one characteristic of said 
electrochemical device comprises at least one external char- 5 
acteristic. 

20. The system for determining said state of health of 
claim 19 wherein said at least one external characteristic 
comprises an external operating condition and an environ- 
mental condition. lo 

21. The system for determining said state of health of 
claim 12 wherein said at least one characteristic of said 
electrochemical device comprises at least one internal elec- 
trical characteristic. 
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22. The system for determining said state of health of 
claim 21 wherein said at least one internal electrical char- 
acteristic of said electrochemical device comprises at least 
one internal impedance of said electrochemical device. 

23. The system of determining said state of health of claim 

22 wherein said at least one internal impedance comprises a 
first internal impedance at a first frequency. 

24. The system of determining said state of health of claim 

23 wherein said at least one internal impedance further 
comprises a second internal impedance at a second fre- 
quency. 

♦ * » ♦ * 
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